Introduction
In addition to conventional energy sources, the contribution of alternative sources of energy has significantly marked up in generation of electrical power throughout the world. Progressive research and development in the field of power electronics has made these alternative energy sources to be competent enough to generate electrical energy at lower cost. In alternative energy sources, generation of power by using solar PV array has gained wide popularity because of availability of solar insolation round the year throughout the day time. To harness maximum energy from solar insolation at different irradiation levels, the PV array should be driven at maximum power point (MPP). Some established topologies of dc to dc converter along with maximum power point tracking (MPPT) controller may be used to drive the PV array at MPP.
Various MPPT algorithms are existing and have been employed in MPPT controllers. The most famous traditional MPPT algorithms are perturb & observe (P&O) and incremental conductance (INC) algorithms (Femia et al. 2015 , Liu et al. 2008 . Artificial neural network (ANN) and fuzzy logic controller (FLC) based MPPT algorithms are considered to be part of artificial intelligent (AI) techniques (Lin et al. 2011 , Khateb et al. 2014 . The MPPT algorithms based on nature inspired optimization techniques are genetic algorithm (Larbes et al. 2009 ), particle swarm optimization technique (Liu et al. 2012) , ant colony optimization (Jianga et al. 2013) , artificial bee colony (Benyoucef et al. 2015) , and grey wolf optimization technique (Mohanty et al. 2016) . The P&O method is easier to implement, but this algorithm fails to track MPP and will result in oscillation at steady state point. To improve tracking efficiency and to reduce oscillations, a changeable step size P&O approach has been presented in (Ahmed et al. 2015) . The performance of INC method is quite good when compared to that of P&O method, but its response time depends upon the constant or changeable step size. The constant step size in INC method will slow down the response of MPPT controller, but its response will be faster with changeable step size (Tey et al. 2014) .
The computational intelligence algorithms like ANN and FLC are more efficient and faster in tracking MPP when compared to that of conventional algorithms. Instead of using complicated neural network, a simple and highly efficient single neural control scheme was proposed in (Kofinas et al. 2015) . The classification of ANN based MPPT techniques were analyzed in (Elobaid et al. 2015) and these techniques are dependent on the type of input to the controller. An adaptive FLC was proposed in (Guenounou et al. 2014) , which is a combination of the two separate rule bases and a gain attached to the MPPT controller, resulting in improved performance. The first rule base will adjust the duty cycle and the second rule base will be controlling the controller's gain. The tracking efficiency obtained in a PSO based MPPT controller was 99.93% when compared to tracking efficiency of 55.05% obtained by P&O MPPT controller (Oliveira et al. 2016) . In this method, the global MPP (GMPP) has been tracked by PSO algorithm whereas the P&O algorithm tracks the local MPP (LMPP) only. The time taken to track the LMPP by P&O algorithm was very less when compared to the time taken to track the GMPP by PSO algorithm.
In ant colony optimization technique based MPPT controller (Jianga et al. 2013) , the tracking efficiency is quite good for slow changes in irradiation level, whereas, the tracking efficiency is very poor for rapidly changing irradiation levels. An artificial bee colony optimization technique based MPPT controller has been implemented in (Fathy et al. 2015) to track the GMPP and to mitigate power loss in shaded modules of PV array. An extremum seeking control (ESC) system proposed in (Leyva et al. 2006) , is a self-tuning algorithm and it has been implemented to reduce the oscillations at MPP. The existing ESC based algorithms are adaptive ESC (Li et al. 2013) , ripple based ESC (Bazzi et al. 2011) , multivariable newton based ESC (Ghaffari et al. 2014) , fractional order ESC (Malek et al. 2013) . From the ESC based methods, it has been observed that the oscillation still exists at MPP region but the level of oscillation is very less in comparison to P&O method. For the constant and varying irradiations, a detailed study of the existing MPPT algorithms were described in (Saravanan et al. 2016) .
In this paper, the simulation and comparison of four MPPT algorithms have been presented. Out of the four, two are the traditional algorithms called P&O and INC method, whereas the remaining two algorithms are based on recent methods called FLC and scalar gradient extremum seeking control (SGESC) method. The results were compared in terms of efficient tracking of MPP at different irradiation levels and the time taken to reach the MPP for every change in irradiation level.
With this brief introduction, the remaining part of the paper has been organized in the following sequence. Section 2 deals with the modelling of PV module. The P&O, INC, SGESC and FLC methods will be described in section 3. The implementation of simulation model and the obtained results were discussed in section 4.
Modeling of Solar PV Cell
Solar PV cell is a simple photo diode consisting of ptype and n-type semiconductor material that produces power, when exposed to the solar irradiation. The physical model of solar PV cell may be represented in the form of single diode or two diode equivalent model by using mathematical equations. These physical models were used to explain the electrical behaviour of PV cell. The single diode equivalent model as shown in Fig. 1 has been simulated in this paper because of ease in implementation and less complexity. The PV model has been implemented by using the equations provided in (Villalva et al. 2009 ). At the output, the current obtained due to illumination of solar irradiation is given by equations (1) and (2).
(1) (2) Whereas, IL (A) is the current generated by solar PV cell due to incident solar irradiation. In equivalent model, Idi is the current flowing through diode and Ipa (A) is the current flowing through shunt resistance. Iod (A) is the leakage current or reverse saturation current. Vc (V) is the output voltage of module. a is the ideality factor of diode. Rse (Ω) and Rps (Ω) represents the equivalent resistance of PV module connected in series and shunt. The thermal voltage of PV module is represented by Vt and is given by . The number of cells that are connected in series in a string of PV module is stated by Ns.k is the Boltzmann constant (and is equal to 1.3806503.10 -23 J/K), To (in Kelvin) is the temperature at p-n junction, qe is the electron charge and its value is 1.60217646.10 -19 C.
Due to incident solar irradiation, the current generated by photo diode is given in equation (3).
Whereas, Ipsc (A) is the current under short circuit conditions or the current generated by PV module at nominal temperature of 25 o C and standard solar irradiation of 1000 W/Sq.m. The temperature coefficient under short circuit conditions of PV module is represented by KI (A/K). The difference between operating temperature To and nominal temperature Tn (in kelvin) is represented by T and is stated by T=To-Tn.G (in W/Sq.m) is the solar irradiation at normal operating conditions and Gn (in W/Sq.m) is the irradiation at nominal temperature. The diode reverse saturation current is dependent upon temperature and is expressed by equation (4).
The bandgap energy of semiconductor material is represented by Eg (eV) and its value is 1.12 eV for polycrystalline silicon at 25 o C. Ino (A) is the saturation current at nominal temperature and is expressed by Equation 5. 
Maximum Power Point Tracking
As the insolation of sun varies from time to time, the dc to dc converter plays a crucial role in driving the PV array at MPP. As stated in maximum power transfer theorem, the load will receive its peak power, if the value of load impedance is equivalent to complex conjugate of internal impedance of the supply system. So, to drive the PV array at MPP, the load impedance and internal impedance should be matched. The internal resistance of PV module will vary with respect to the varying insolation. The load resistance will be matched with internal resistance of PV module by using dc to dc converter in association with MPPT controller and it has been implemented in this paper. The MPPT controller will produce a suitable value of duty cycle that will be fed to the pulse width modulation (PWM) generator, which produces required triggering signal for the switch present in dc to dc converter. The purpose of dc to dc converters is to elevate or to lessen the PV voltage to a suitable value, so that the PV system may be interfaced to the grid or load. The dc to dc converters like buck, boost, buck-boost and cuk are existing and a suitable converter may be selected according to the application. For high voltage applications, boost converter is considered to be best one and in this paper, it has been simulated for increasing the PV voltage. The input voltage Vid, output voltage Vod and duty cycle d are related by using equation (6) (Dileep et al. 2015) . 
Perturb & Observe Algorithm
The P&O algorithm as mentioned in (Femia et al. 2005 , Zainuri et al. 2014 has been implemented and it is assumed to be the oldest and traditional MPPT algorithm. The current IA and voltage VA of PV array at present step (b th ) and the previous step ((b-1) th ) will be measured. Further, the power at present step PA(b) and previous step PA(b-1) will be calculated. If the power at present step PA(b) is greater than that of power at previous step PA(b-1) and if the voltage VA(b) is greater than that of VA(b-1), then the tracking will continue on the left side of MPP, by increasing the duty factor with a small value. At the same time, if the power PA(b) is less than that of PA(b-1) and if the voltage VA(b) is greater than that of VA(b-1), then the tracking will continue on the right side of MPP by decreasing duty cycle with a small value. The flow diagram is shown in Fig. 2 .
The privilege of this algorithm is that it is easier to implement and also the cost is low. The disadvantage associated with the algorithm is that it never tracks the optimal value and there will be always having oscillation near to the optimal value of MPP. The improvement in this method has been proposed in (Dileep et al. 2015 , Piegari et al. 2010 .
Incremental Conductance Algorithm
The INC algorithm depends upon reality that the differentiation of PV power (at MPP) with respect to voltage is equal to zero and it also depends upon the slope of P-V characteristics. The implementation of INC algorithm may be explained by using the following equations as in (Eltawil et al. 2013 ).
(7)
The equation (7) is the condition at MPP and also it The left hand component in equation (8) indicates the instantaneous conductance of PV array, but in opposite direction, whereas, the right hand component indicates the incremental conductance at MPP. The other conditions for tracking MPP on the slope of P-V characteristics are given by the equations (9) and (10).
(9) (10) Equation (9) represents the condition of (dIA/dVA)>0and it also indicates that the driving point is lying on the left side of MPP. Whereas, the eq (10) represents the condition of (dIA/dVA)<0and also indicates that the driving point is on right side of MPP. Based on the above statements, the flow diagram of INC algorithm (Eltawil et al. 2013 ) is shown in Fig. 3 and the same was implemented in this paper.
As the algorithm starts, the current value of the voltage & current will be measured and from the preceding cycle, the previous value of the voltage & current will be obtained. Further the values of dVA and dIA will be calculated. If there is no change in the solar irradiation and if the values of dVA and dIA are equal to zero, then the algorithm is tracking MPP. If the value of dVA is equal to zero and dIA is greater than zero, then it indicates that there is rise in solar irradiation causing the algorithm to increase the value of MPP. Similarly if the value of dVA is equal to zero and dIA is less than zero, then it indicates that there is decrease in solar irradiation, initiating the algorithm to lower the MPP. In this way, the driving point will be moving on the slope present on either side of MPP, till it reaches the optimal value of MPP. The demerit of this algorithm is that it is little bit more complicated when compared to that of P&O algorithm, but the tracking efficiency is quite good under varying insolation levels. Also, the response time for tracking the optimal value of MPP depends upon the value of fixed step size used in this algorithm. The improvement in this algorithm is the introduction of variable step size, as proposed in (Liu et al. 2008) .
Scalar Gradient based Extremum Seeking Control (SGESC)
The ESC method based MPPT has been proposed to reduce the oscillations at steady state point and to track an extremum value on P-V characteristics (Leyva et al. 2006 ). Based on ESC method, the other technique proposed is the sinusoidal ESC (SESC) (Leyva et al. 2012) . With a small modification in gradient detector, it is also called as scalar gradient based ESC (SGESC) (Ghaffari et al. 2015) and this technique has been implemented. Though the method has been explained clearly in the cited references, it has been presented here in brief for understanding purpose. The main components of the SGESC method are power from P-V characteristics, gradient detector consisting of high pass filter and low pass filter, a small sinusoidal perturbation signal with a and ω as its amplitude and frequency as shown in Fig. 4 . The input and output parameters of SGESC are PV power PP and the duty factor d0. The duty factor d0 will drive the dc to dc converter, which in turn will drive PV array at MPP. The power PP will be fed as input to the gradient detector and the dc components present in the input signal will be removed by passing it through high pass filter.
Depending upon the resultant sinusoidal signal obtained from the high pass filter, it may be estimated that the duty factor d0, which has been fed as input to dc-dc converter was greater than or less than the optimal value of duty factor d* (duty factor at MPP). If the resultant signal is in phase with small sinusoidal perturbation then it indicates that the fed duty factor d0 was greater than the optimal value d* and if it is out of phase, then it indicates that the duty factor d0 was less than the optimal value d*. If the fed duty factor d0 is equal to the optimal value d*, then the resultant signal will have frequency double than that of frequency of small sinusoidal perturbation. To obtain the gradient function g, the resultant sinusoidal signal from the high pass filter will be multiplied with the a.sin(wt)/k and then it will passed through low pass filter to remove dc components.
The gradient function g will act as input to the integrator and the duty factor dwill be obtained as output. Further, the duty factor d will be multiplied with small sinusoidal perturbation and d0 will be obtained as a product, which will be supplied to the dc to dc converter. The frequencies of low pass filter ωl, high pass filter ωh and small sinusoidal perturbation ω may be chosen in such a manner that ωh ≤ ωl << ω as in (Ghaffari et al. 2015) .
FLC based MPPT controller
FLC, a non-linear controller, will give the logical response as an output to the non-linear behaviour of the input. The two design methods available in FLC are Mamdani (M) and Tagachi-Sukeno (T-S) methods. In the present work, mamdani method based FLC has been implemented. The different levels involved in FLC process are fuzzification, rule base fuzzy inference system and defuzzification process (Bendib et al. 2015) .
Fuzzification is a process of converting the true values (also called crisp values) of input parameters into fuzzy membership functions. The limits of input and output parameters have been defined by using five linguistic variables called as NH (negative higher), NL (negative lower), ZR (zero), PL (positive lower), PH (positive higher) and will be represented in the form of triangular membership functions. The fuzzy membership functions will be further processed by using the rule base fuzzy inference system and in this process, a set of 25 rules have been framed which is a combination of input and output fuzzy membership functions. After that, the processed output membership functions will be converted back into crisp output values by using defuzzification process. Max criterion Method (MCM), mean of maxima (MOM), center of area (COA) are the methods available to perform the defuzzication process. In this paper, the COA method has been used and the output value will be calculated by using the following equation (11). The input to the FLC are error value 'er' and the difference in error value 'der', given by the equations (12) and (13). The value of error 'er' is the differentiation of power with respect to voltage and 'der' is the difference between the errors at b th position and (b-1) th position. The output of FLC based MPPT controller is the duty factor 'd0'. The set of rules used in fuzzy inference system is shown in Table 1 
Simulation and Results
The PV array with output power of 10.2 kW has been simulated in MATLAB/SIMULINK platform. The solar PV module with different power rating supplied by various manufacturers, are available in the market. KC200GT solar PV module has been considered in present study and its parameters are given in Table 2 ( Villalva et al. 2009 ). Since, the KC200GT PV module is capable of supplying power of 200W only, few similar modules will be connected in sequence to increase the PV output voltage and to form a string. At the same time, these strings will be connected in shunt to elevate the output current and power. The number of modules that are connected in sequence of a string is represented by Nss, whereas the number of shunt strings in an array are represented by Npp. The boost type dc to dc converter suitable for high voltage applications has been implemented to drive the PV array at MPP. The other variables used in the simulation model are shown in Table 3 .
As explained earlier, the P&O, INC, FLC and SGESC based MPPT algorithms were implemented and the results have been presented for varying irradiance. A value of 0.01 has been used for perturbation in P&O algorithm, to perturb the value of duty factor d and the same value has been considered as a fixed step size in INC algorithm to increment or decrement the value of duty factor d0. The duty factor d0 will be obtained directly as an output of the FLC based MPPT controller. The value of frequencies in high pass filter, low pass filter and small sinusoidal perturbation in SGESC based MPPT controller are 70 rad/sec, 80 rad/sec and 110 rad/sec. The results that has been obtained were compared and presented as follows.
To validate the simulation model of PV array, the current vs voltage and power vs voltage curves has been plotted. The I-V curves at temperature levels of 25 o C, 50 o C, 75 o C is shown in Fig. 6 (a) . It may be observed that the output voltage of PV array decreases with the increase in temperature, whereas, the output current deviates with a small value from its original value. As a result, the output power of PV array will decrease as shown in Fig. 6 (b) . The effect of change in irradiation on I-V curves is shown in Fig. 7 (a) . The irradiation levels of 1000 W/Sq.m, 800 W/Sq.m and 500 W/Sq.m has been considered for simulation. The output current of PV array will decrease due to decrease in irradiation causing the power of PV array to decrease as shown in Fig. 7 (b) .
The input parameters which will control the output power of PV array are solar irradiation and temperature. To analyze and compare the results obtained from the above mentioned MPPT algorithms in terms of tracking efficiency, a varying irradiation level of solar insolation has been fed to PV array. The output power tracked by the MPPT controllers are shown in Fig. 8 . As shown in Fig. 8 , the four MPPT algorithms are approximately tracking the same amount of power at MPP, but there is difference in the tracking time and tracking efficiency. The time taken to track MPP and the value of power tracked by four algorithms for varying irradiation is shown in Table 4 . In this table, P&O stands for perturb and observe method, INC stands for incremental conductance method, ESC stands for scalar gradient based extremum seeking control method, F stands for fuzzy logic controller. Of all methods, FLC proves to be faster in tracking the MPP for varying irradiation levels though the power tracked is almost equal to the power tracked by other methods. The comparison in terms of tracking efficiency of these algorithms are given in Table 5 . The output voltage and current curves of PV array are shown in Fig. 9 and Fig. 10 . In the figures, it may be observed that with the change in irradiation level, the output voltage of PV array decreases with a small value but the output current gets more effected leading to decrease in PV output power. The variation of boost converter voltage due to change in output voltage of the PV array is shown in Fig. 11 . The output voltage of the boost converter also gets effected due to change in output voltage of PV array and also due to change in duty factor. The variation of duty factor is shown in Fig.  12 . Table 6 . From the above implemented MPPT methods, FLC based MPPT controller is found to be the best one for varying irradiations, because it tracks the optimal value of MPP in a very short time.
Conclusion
In this paper, PV array along with P&O, INC, SGESC and FLC based MPPT controllers has been simulated to study their behaviour under the conditions of varying irradiance. The behaviour of the algorithms was observed in terms of tracking time, tracking efficiency and optimal value of MPP for varying irradiance. The irradiance to the input of PV array has been reduced from nominal value of 1000 W/Sq.m to half of its value of 500 W/Sq.m along with an intermediate value of 800 W/Sq.m and subsequently it has been increased to the same nominal values of irradiance. Though the P&O method is a less complicated when compared to other methods, but it has been observed that the FLC based MPPT controller rapidly tracks the MPP with minimum oscillations at MPP.
